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ABSTRACT
Planet 9 was proposed as an explanation for the clustering of orbits for some trans-Neuptunian
objects. Recently, the use of a sub-relativistic spacecraft was proposed to indirectly probe Planet 9’s
gravitational influence. Here we show that a sub-relativistic spacecraft would experience fluctuations
in the drag and magnetic forces exerted on it by turbulence in the interstellar medium. The resulting
noise would dominate over Planet 9’s gravitational signal at sub-relativistic speeds, v & 0.001 c.
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1. INTRODUCTION
The clustering of orbits for a group of extreme trans-Neptunian objects suggests the existence of an unseen planet
of mass M ∼ 5 − 10M⊕, so-called Planet 9, at a distance of ∼ 400 − 800 AU from the Sun (Batygin et al. 2019).
A primordial black hole was suggested as a substitute for Planet 9 (Scholtz & Unwin 2019). Direct electromagnetic
searches have not detected Planet 9 as of yet.
Witten (2020) proposed to use a sub-relativistic spacecraft, envisioned by the Breakthrough Starshot initiative1,
to indirectly probe Planet 9 through its gravitational influence on the spacecraft trajectory. A similar proposal was
previously made to measure the mass of planets via interferometry by an array of relativistic Starshot spacecraft
(Christian & Loeb 2017). Witten (2020) suggested that the small shift of the trajectory along the direction of motion
would lead to a detectable time delay. The detection of this effect requires the spacecraft to carry a high-precision
clock with an accuracy better than . 10−5 s (equivalent to one part in 1012 over a period of one year), assuming
the spacecraft moves at a speed of v & 0.001 c. Keeping a high-precision clock on board a lightweight relativistic
spacecraft represents a technical challenge for this proposal. To overcome this challenge, Lawrence & Rogoszinski
(2020) considered the transverse effect of gravity and derived the angular deflection of the spacecraft’s trajectory to
be ∼ 10−9 rad. They argued that an angular deflection of this magnitude can be measured with an Earth-based or
a near-Earth-based telescope and suggested that their method is better than attempting to measure the time delay
because the transverse effect is permanent, whereas the time delay is only detectable when the spacecraft passes close
to Planet 9.
Both Witten (2020) and Lawrence & Rogoszinski (2020) assumed that the spacecraft is moving on a geodesic
trajectory from Earth shaped only by gravity, and did not consider the effects of drag or electromagnetic forces from
the interaction of the spacecraft with the interstellar medium (ISM). In this Letter, we compare these effects to the
gravitational force induced by Planet 9. In Section 2, we describe the drag and magnetic forces and compare them
with the gravitational force of Planet 9. In Section 3, we present our numerical results. Finally, Section 4 is devoted
to a discussion on the implications of our findings for probing Planet 9 with a sub-relativistic spacecraft.
1 https://breakthroughinitiatives.org/Initiative/3
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2. DRAG AND MAGNETIC FORCES FROM THE ISM
For our present study, we adopt a simple spacecraft design with a cube geometry of width and length W (Hoang &
Loeb 2017), having spacecraft mass Msp = ρW
3 where ρ is the mass density and Asp = W
2 is the frontal surface area.
For ρ = 3 g cm−3, one obtains Msp ≈ 1 g for W ≈ 0.7 cm and Asp ≈ 0.5 cm2.
Since Planet 9 is outside the heliopause of the Solar wind, the spacecraft will encounter the ISM and inevitably
experience a drag force due to collisions with gas particles and dust (Hoang et al. 2017; Hoang & Loeb 2017). For
a spacecraft moving at a sub-relativistic speeds v through the ISM with a proton density nH (and 10% ISM He by
abundance), the ratio of the drag force to the gravitational force of Planet 9 equals,
Fdrag
Fgrav
=
(
1.4nHmHv
2Asp
GMplMsp/b2
)
' 117.3
(
5M⊕
Mpl
)(
b
100 AU
)2 ( nH
1 cm−3
)( v
0.01c
)2( Asp
0.5 cm2
)(
1 g
Msp
)
, (1)
where Mpl is the mass of the planet, and b is the impact parameter at closest approach to Planet 9.
Equation (1) implies dominance of the ISM drag force over gravity for v & 10−3c at b & 100 AU. Noise induced
by fluctuations in the ISM density due to turbulence (Armstrong et al. 1981) would therefore produce changes in the
spacecraft’s trajectory that far exceed the signal forecasted by Witten (2020) and Lawrence & Rogoszinski (2020).
In addition, the spacecraft would inevitably get charged due to collisions with interstellar particles and the photoelec-
tric effect induced by solar and interstellar photons (Hoang et al. 2017; Hoang & Loeb 2017). The frontal surface layer
becomes positively charged through collisions with electrons and protons (i.e., collisional charging), with secondary
electron emission being dominant for high-speed collisions (Hoang & Loeb 2017). The outer surface area is charged
through the photoelectric effect by ultraviolet photons from the Sun. The surface potential U increases over time due
to collisions with the gas and achieves saturation when the potential energy is equal to the maximum energy transfer.
One therefore obtains saturation at eUmax,e = mev
2/2 for impinging electrons and eUmax,H = 2mev
2 = 4eUmax,e for
impinging protons (Hoang et al. 2015; Hoang & Loeb 2017). The corresponding maximum charge equals
Zsp,max ∼ Umax,H(W/2)
e
' 3.6× 108
(
W
1 cm
)( v
0.01c
)2
, (2)
which implies a strong increase in the maximum charge with spacecraft speed.
The charged spacecraft would therefore experience a Lorentz force due to the interstellar magnetic field, FB =
eZspvB⊥/c, where B⊥ is the magnetic field component perpendicular to the direction of motion. The ratio of the
magnetic force to the gravitational force at an impact parameter b relative to Planet 9 is given by,
Fmag
Fgrav
=
(
eZspvB⊥
c
)(
GMplMsp
b2
)−1
' 31.2
(
5M⊕
Mpl
)(
b
100 AU
)2(
Zsp
109
)(
B⊥
5 µG
)( v
0.01c
)( 1 g
Msp
)
, (3)
where we adopt the typical magnetic field strength of B⊥ ∼ 5 µG as inferred from analysis of the data from Voyager
1 and 2 (Opher et al. 2020).
3. RESULTS
Figure 1 shows the ratios between the ISM drag force and Planet 9’s gravity (Eq. 1) and the magnetic force and
gravity (Eq. 3) for different spacecraft masses, Msp. We assume Mpl = 5M⊕, b = 100 AU, and standard parameters for
the ISM, with nH = 1 cm
−3 and B⊥ = 5 µG (Opher et al. 2020). The drag force dominates over gravity for velocities
v & 0.001 c. The magnetic force dominates over gravity only for v & 0.01 c. Larger spacecraft masses increase the
gravitational effect and decrease the force ratios. Due to the linear dependence of Fdrag and Fmag on the gas density
and magnetic field, density and magnetic fluctuations generic to the ISM would cause unpredictable fluctuations of
the drag and magnetic forces and obscure the signal due to Planet 9’s gravity.
Next, we estimate the effect of the magnetic deflection on the time delay of the signal. Due to the Lorentz force, the
charged spacecraft would move in a curved trajectory instead of a straight line from Earth to Planet 9. The gyroradius
of a charged spacecraft,
Rgyro =
Mspvc
eZspB⊥
' 2.5× 1011
(
Msp
1 g
)( v
0.01c
)(109
Zsp
)(
5 µG
B⊥
)
AU, (4)
provides the curvature of the spacecraft trajectory in the magnetic field.
The deflection in impact parameter from the target at a distance D  Rgyro is given by,
∆b = Dα ≈ D
2
Rgyro
=
D2eZspB⊥
Mspvc
' 10−6
(
D
500 AU
)2(
Zsp
109
)(
1g
Msp
)(
B⊥
5 µG
)(
0.01c
v
)
AU, (5)
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Figure 1. Ratios of the drag force to the gravitational force of Planet 9 (blue lines) and the magnetic force to the gravitational
force (red lines) as a function of the spacecraft speed in units of the speed of light, v/c, for different spacecraft masses Msp,
assuming Mpl = 5M⊕, b = 100 AU, nH = 1 cm−3, and B⊥ = 5 µG.
where sinα ≈ α ≈ D/Rgyro.
Due to the trajectory deflection, light signals will arrive at a slightly different time than expected without the
deflection. The extra distance traversed by the spacecraft is ∆x = (∆b) tanα ∼ (∆b)2/D where tanα = (∆b)/D. The
time delay due to the magnetic deflection is:
∆tmag =
∆x
c
=
(∆b)2
Dc
∼ 10−12
(
∆b
10−6 AU
)2(
500 AU
D
)
s. (6)
The angular deflection of the spacecraft by the interstellar magnetic field is then given by,
αmag =
∆b
D
' 2× 10−9
(
∆b
10−6 AU
)(
500 AU
D
)
rad. (7)
The time delay due to the gravitational effect was given by (Witten 2020),
∆tgrav ' 7× 10−7
(
Mpl
5M⊕
)(
0.01c
v
)2
sinh−1
(
vt
b
)
s, (8)
where the origin time t = 0 is associated with closest approach to Planet 9. The ISM drag force introduces a
longitudinal time-delay that exceeds ∆tgrav by the factor given in Equation (1). The gravitational angular deflection
was estimated by Lawrence & Rogoszinski (2020),
αgrav ' 2.8× 10−11
(
Mpl
5M⊕
)(
100 AU
b
)(
0.01c
v
)2
rad αmag, (9)
which yields a decreasing deflection with spacecraft speed.
4. DISCUSSION
We find that due to the interaction with the ISM, a sub-relativistic spacecraft would experience fluctuations in the
drag and magnetic forces which will dominate over Planet 9’s gravitational influence. Since the drag force depends
on the local density, any fluctuations due to interstellar turbulence (Armstrong et al. 1981) would cause noise in the
force well beyond the desired gravitational signal. Moreover, the oscillation of the spacecraft around its center of
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mass due to its electric dipole moment exposes the long axis of the spacecraft to gas collisions (Hoang & Loeb 2017)
and potentially increases the drag force for elongated geometries. Collisions with dust grains and fluctuations in the
spacecraft charge and interstellar magnetic field will all contribute to an unpredictable and time-dependent noise level
that is difficult to overcome.
Measuring the angular displacement of the spacecraft, as proposed by Lawrence & Rogoszinski (2020), would be
particularly challenged by angular deflections from the fluctuating ISM magnetic field and density. Since the position
of Planet 9 is not known, one could imagine sending a large array of spacecraft so that the impact parameter, b, will
be minimized for one of them. Unfortunately, the spectrum of the ISM turbulence is likely to have a higher amplitude
on smaller scales (Draine 2011), making also the noise bigger.
This work is supported in part by a grant from the Breakthrough Prize Foundation.
REFERENCES
Armstrong, J. W., Cordes, J. M., & Rickett, B. J. 1981, Nature,
291, 561
Batygin, K., Adams, F. C., Brown, M. E., & Becker, J. C. 2019,
PhR, 805, 1
Christian, P., & Loeb, A. 2017, ApJL, 834, L20
Draine, B. T. 2011, Physics of the Interstellar and Intergalactic
Medium (Princeton, NJ: Princeton Univ. Press)
Hoang, T., Lazarian, A., Burkhart, B., & Loeb, A. 2017, ApJ,
837, 5
Hoang, T., Lazarian, A., & Schlickeiser, R. 2015, ApJ, 806, 255
Hoang, T., & Loeb, A. 2017, ApJ, 848, 0
Lawrence, S., & Rogoszinski, Z. 2020, arxiv:2004.14980
Opher, M., Loeb, A., Drake, J., & Toth, G. 2020, Nature
Astronomy, arXiv:1808.06611, 1
Scholtz, J., & Unwin, J. 2019, arxiv: 1909.11090
Witten, E. 2020, arxiv: 2004.14192
